Abstract. The objective of this study was to describe the responses of the plasma progesterone and cortisol concentrations in ovariectomized lactating cows to low doses of adrenocorticotropic hormone (ACTH). The estrous cycles in 3 lactating cows were synchronized, and the cows were ovariectomized in the luteal phase. ACTH challenge tests were conducted at doses of 3, 6, 12 and 25 IU. Blood samples were collected at 30 min intervals, and the plasma progesterone and cortisol concentrations were analyzed by EIA. A concomitant rise in plasma progesterone and plasma cortisol was observed in cows treated with 12 IU or higher doses of ACTH. Significant increments in the plasma cortisol concentrations were observed at all doses of ACTH. The means (± SE) of the peak plasma progesterone concentrations after the 3, 6, 12 and 25 IU ACTH challenge tests were 0.6 ± 0.1, 1.3 ± 0.4, 1.5 ± 0.3 and 2.4 ± 0.3 ng/ml, respectively. The means of the peak plasma cortisol concentrations in the 3 cows after the ACTH challenge were 14.0 ± 1.5, 17.0 ± 2.5, 23.3 ± 3.0, and 33.3 ± 7.0 ng/ml, respectively. The effects of the doses, time after treatment, and their interaction on the plasma progesterone concentrations after the ACTH challenge were significant (P<0.01). Likewise, the effects of the doses, time after treatment, and their interaction on the plasma cortisol concentrations after the ACTH challenge were significant (P<0.01). The mean AUC values for the plasma progesterone and cortisol concentrations after the ACTH treatments were also significantly affected by the dose of ACTH (P<0.01 and P<0.05, respectively). A significantly positive correlation was obtained between the peak plasma progesterone and cortisol concentrations after different doses of ACTH (r=0.7, P<0.05). The results suggest that lactating dairy cows are capable of secreting a significant amount of adrenal progesterone, reaching up to the minimal concentration necessary to cause suppression of estrus in response to 12 IU ACTH (P<0.01). The concomitant plasma cortisol concentration was 23.3 ng/ml. Key words: Adrenal cortex, Progesterone, Cortisol, Adrenocorticotropic hormone (ACTH), Dairy cows (J. Reprod. Dev. 52: [797][798][799][800][801][802][803] 2006) h i g h h e a t d e t e c t i o n r a t e i s a p r i m a r y require ment for effective reproductive management of dairy herds [1, 2] . Recently, the duration of estrus in lactating cows has been reported to be substantially shortened [3] [4] [5] [6] , and the percentage of cows exhibiting standing estrus has been decreased [6] [7] [8] [9] .
progesterone levels in their milk fat or plasma [10] [11] [12] . The suprabasal plasma progeste rone concentrations during the follicular phase and the estrous period could originate either from incomplete luteolysis or extragonadal sources such as the pituitary-adrenal axis [11, [13] [14] [15] [16] . Generally, a plasma progesterone concentration of 1.0 ng/ml is considered the threshold level for biological activity [17] .
Previous studies have reported that cattle respond with high concentrations of plasma progesterone and cortisol after an ACTH challenge [14, 15, 18, 19] . These reports showed that more than 48 IU of ACTH was required to cause an increase in the plasma progesterone concentration up to 1.1-1.4 ng/ml in heifers. It has been suggested that heifers under some kinds of stress have weakened estrous signs. These kinds of stress possibly cause release of an amount of ACTH sufficient to stimulate secretion of progesterone from the adrenal cortex (1.0 ng/ml or higher in plasma).
Our recent study showed that a 25 IU ACTH challenge in ovariectomized lactating dairy cows resulted in a rise in plasma progesterone levels up to 2.0-3.7 ng/ml and a concomitant rise in plasma cortisol up to 33.2-46.5 ng/ml, respectively [20] . We presume that even lower doses of ACTH cause a rise in the plasma progesterone concentrations up to the minimal concentrations necessary to cause suppression of estrus.
The objective of this study was, therefore, to describe the responses in the plasma progesterone and cortisol concentrations to 3 to 25 IU of ACTH in ovariectmized lactating cows.
Materials and Methods

Animals and housing
T h i s e x p e r i m e n t w a s c a r r i e d o u t a t t h e Hiroshima University Experimental Farm, Higashi-H i r o s h i m a , H i r o s h i m a P r e f e c t u r e , i n t h e southwestern region of Japan during the period from the 13th of June 2003 to the 10th of August 2003. Three Holstein Friesian lactating cows in their 4th-6th lactations that were beyond the b r e e d i n g p e r i o d a n d d u e t o b e c u l l e d f o r replacement because of old age and poor milk production were used for this study. Their days in milk were 346 to 496 and their daily milk yields ranged from 11.2 to 17.6 kg. Prior to the experiment, they showed normal estrous cycles. The cows were kept in a free-stall barn with their herd mates during the experiment, except during the ACTH challenge tests when they were kept in another separate stall and tied up with 3-4 meter long ropes. They were milked twice daily. All handling of the animals was performed with a minimal disruption of their daily routine and with minimal stress. The experimental protocols and animal care during the experiment met the International Guiding Principles for Biomedical R e s e a rc h I n v o l v i n g A n i m a l s ( C o u n c i l f o r International Organizations of Medical Sciences).
Schedule of treatment and blood sampling
The animals were ovariectomized and used for the ACTH challenge tests to examine the response of adrenal progesterone to ACTH. Prior to ovariectomy, cows with normal estrous cycles were treated intramuscularly with 25 mg of PGF 2 α (dinoprost tromethamine, Pronalgon F ® , Pfizer, Tokyo, Japan) twice at an interval of 14 days to synchronize estrus. The cows were pretreated with 100 µg GnRH analog, fertirelin acetate (Conceral ® , Takeda Schering-Plough. Co. Ltd., Tokyo, Japan), 7 d a y s b e f o r e e a c h P G F 2 α a d m i n i s t r a t i o n . Ovariectomy was conducted for all 3 cows through an incision in the vaginal wall 10 days after the second PGF 2 α treatment.
Four consecutive ACTH challenge tests at an interval of 7 days were carried out from 5 days after the ovariectomy. Indwelling jugular vein catheters were applied 6 h prior to each ACTH challenge. Four different doses of ACTH (tetracosactide acetate, Cortrosyn ® , Daiichi Pharmaceutical Co., T o k y o , J a p a n ) , 3 , 6 , 1 2 a n d 2 5 I U , w e r e administered intramuscularly to each cow at 0000 h of each experimental day at an interval of 7 days.
Blood samples were collected at 0930-1000 h daily by tail venepuncture throughout the estrous cycle until the cows were ovariectomized. Blood was sampled twice daily for 2 days from the 3rd day after PGF 2 α treatment. For 24 h after ovariectomy, blood was sampled every 4 h, and then it was sampled daily for 5 days until the day of the first ACTH challenge test. Daily blood samples were also collected during the 7 day period between each ACTH challenge test. Blood samples were collected through indwelling jugular vein catheters every 30 min for 12 h to complete the ACTH challenge test. Blood samples were immediately stored at 4 C and centrifuged (1,700 × g for 15 min) within 30 min after collection. Plasma was stored at -20 C until analysis for cortisol and progesterone.
Hormone assay
Plasma cortisol concentrations were determined by an enzyme immunoassay established and validated by the authors [20] . Cortisol antiserum (anti cortisol-3-CMO-BSA IgG, Cosmo Bio, Tokyo, Japan) diluted with assay buffer 40,000 times and horseradish peroxidase (HRP)-cortisol conjugate (cortisol-3-CMO-HRP, Cosmo Bio) solution (1:100,000) were used. The intra-and interassay coefficients of variation in the high and low cortisol pooled plasma samples were 7.2% and 23.4% (n=6) and 3.0% and 3.2% (n=5), respectively.
Plasma concentrations of progesterone were measured according to the method described by Isobe and Nakao [21] . The antiserum used was raised in rabbits against progesterone-3(E)-carboxymethyl oxime-BSA (Kambegawa Institute, Tokyo, Japan). Horseradish peroxidase (HRP)-labeled progesterone (Sigma Aldrich) was used as the tracer. The intra-and interassay coefficients of variation in the high and low progesterone pooled plasma samples were 3.7 and 4.4% (n=5) and 2.2 and 1.4% (n=5), respectively.
The response of the plasma concentrations of c o r t i s o l a n d p r o g e s t e r o n e a f t e r A C T H administration was shown by the values before the ACTH challenge, the peak value after ACTH, and the amount of cortisol and progesterone secreted after ACTH. The basal concentrations of both hormones were shown by the lowest value among the values of the two samples collected at 0.5 h and within 1 min before ACTH administration.
Area under curve (AUC) values of plasma cortisol and progesterone after the ACTH challenge until the concentrations ceased to be baseline were calculated. Correlation between the AUCs of plasma progesterone and cortisol after the ACTH challenge was examined.
Statistical analysis
The results are presented as the mean ± standard error (SE).
The effect of the ACTH doses, time before and after ACTH, and interaction between dose and time on the progesterone and cortisol concentrations were analyzed by multivariate analysis of variance (Excel Statistics Ver. 4, Esumi Co., Tokyo, Japan).
The basal plasma progesterone and cortisol concentrations before ACTH treatment were considered to be the lower concentrations at -0
The significance of correlation between two variables was tested using Pearson's correlation coefficients.
A probability of P<0.05 was considered statistically significant.
Results
Estrus was synchronized in the 3 cows after the 1st and 2nd PGF2α treatments. All 3 animals showed standing estrus after the 1st PGF 2 α treatment, whereas the cows expressed only secondary estrous signs after the 2nd PGF2α treatment. All 3 cows had corpus luteum when they were subjected to ovariectomy. Plasma progesterone concentrations declined after the 1st PGF 2 α treatment in the 3 animals and rose to 2.0 ng/ml or higher after the 2nd PGF 2 α treatment.
Cortisol concentrations in the plasma remained below 10 ng/ml during most of the estrous cycle until ovariectomy.
The means ± SE of the peak plasma progesterone concentrations after the 3, 6, 12 and 25 IU ACTH challenge tests were 0.6 ± 0.1, 1.3 ± 0.4, 1.5 ± 0.3 and 2.4 ± 0.3 ng/ml, respectively. The means of the peak plasma cortisol concentrations in the 3 cows after the ACTH challenge tests were 14.0 ± 1.5, 17.0 ± 2.5, 23.3 ± 3.0 and 33.3 ± 7.0 ng/ml, respectively.
The peak plasma progesterone concentrations were observed 0.5 or 1.0 h after ACTH treatment.
The effects of doses, time after treatment, and their interaction on the plasma progesterone concentrations after ACTH challenge were significant (P<0.01). Likewise, the effects of doses, time after treatment, and their interaction on the plasma cortisol concentrations after ACTH challenge were significant (P<0.01). The mean AUC values for the plasma progesterone and cortisol concentrations after the ACTH treatments were also significantly affected by the dose of ACTH (P<0.01 and P<0.05, respectively). Figure 1 shows the response of the plasma cortisol and progesterone concentrations in the 3 cows after challenge at different doses of ACTH ranging from 3 IU to 25 IU. No significant response was observed for plasma progesterone after administration of 3 IU ACTH. However, a concomitant rise in plasma progesterone was observed along with plasma cortisol in the cows injected with 6 IU or higher doses of ACTH. The plasma progesterone concentrations significantly increased from the basal value at 0.5, 1.0 and 4.0 h after the 12 IU ACTH injection (P<0.05, P<0.01 and P<0.05, respectively) and at 0.5 and 1.0 h after the 25 IU ACTH (P<0.01 and P<0.05, respectively). C o m p a r e d w i t h t h e p l a s m a p r o g e s t e r o n e concentrations in the cows administered 3 IU ACTH, the cows treated with 12 IU ACTH showed significantly higher plasma progesterone at 1.0 h and 4.0 h after treatment (P<0.01 and P<0.05, respectively). Similarly, the plasma progesterone concentrations of the cows after the 25 IU ACTH challenge were significantly higher at 0.5 h and 1.0 h after treatment (P<0.05).
A transitory increase in plasma progesterone, which was not observed in the cortisol response, was observed at around 3.5 h after the ACTH challenge tests.
The AUCs for the plasma progesterone and cortisol concentrations after ACTH injections at different doses are shown in Table 1 . The mean AUC values for the plasma progesterone and cortisol concentrations after ACTH treatment were significantly affected by the dose of ACTH (P< 0.01 and P< 0.05, respectively). A significantly positive correlation was obtained between the peak plasma progesterone and cortisol concentrations after different doses of ACTH (r= 0.7, P<0.05) (Fig.2) .
Discussion
In the present study, the 3 ovariectomized cows responded with an increase in their plasma progesterone and cortisol concentrations after Table 1 . Area under the curve for the plasma progesterone and cortisol concentrations in cows after challenge with different doses of ACTH (n=3, mean ± SE). ACTH treatment. The effects of the ACTH doses, time after treatment, and interaction between dose and treatment on both the plasma progesterone and cortisol concentrations were significant (P<0.01). A significant rise in the plasma progesterone concentrations was observed after administrations of 6 IU or higher doses of ACTH. However, the plasma progesterone concentrations before ACTH administration were relatively high in the 6 IU treated group. Therefore, the effect of 6 IU doses of ACTH in ovariectmized cows should be confirmed through further study. After the 12 IU ACTH treatment, the peak plasma progesterone concentrations were observed after 1.0 h and reached up to 1.5 ng/ml, which was significantly different from that after 3 IU of ACTH. The concomitant peak plasma cortisol concentration was 23.3 ng/ml after the 12 IU ACTH treatment.
ACTH
Alam et al. [22] reported a significant rise in plasma progesterone up to 1.48 ng/ml (P<0.01) and plasma cortisol up to 23.3 ng/ml in multiparous non-lactating cows after 1.0 mg (100 IU) of ACTH. Wagner et al. [19] reported that a challenge with 100 IU ACTH in 5 normal cyclic Holstein heifers resulted in a significant increase in their plasma progesterone concentrations (P<0.001) up to 1.0-1.5 ng/ml after the ACTH treatment. In the same study, ovariectmized heifers responded with a rise in their plasma progesterone concentrations up to 1.18 ng/ml after treatment with 100 IU ACTH [19] . More recently, Bage et al. [14] reported that 5 ovariectomized virgin heifers showed an increase in their plasma progesterone concentrations up to 3.5 nmol/l (1.1 ng/ml) after intramuscular administration of 48 IU ACTH. Thus, heifers, nonlactating cows, and lactating cows have been shown to be capable of secreting a significant amount of progesterone, resulting in plasma progesterone concentrations of up to 1.0 ng/ml or higher. The doses of ACTH that caused a significant increase in plasma progesterone concentrations, reaching up to 1.0 ng/ml or above, were higher in previous studies using non-lactating cows or heifers than the doses used in the present study, which employed lactating cows. It has yet to be discovered whether this is due to a difference in the responsiveness of the adrenal cortex between lactating and non-lactating cattle.
We assume that any stress causing a rise in plasma cortisol up to 23.3 ng/ml or above results in a significant rise in plasma progesterone, which may adversely affect estrous expression.
A number of stressors cause enhancement of the pituitary-adrenal axis and secretion of cortisol, including heat stress [16, 23, 24] , milk yields [25, 26] , palpation per rectum [27] , confinement [28] and lameness [29] . Further studies are needed to discover whether the stressors mentioned above can cause a significant rise in plasma progesterone concentrations.
In conclusion, lactating dairy cows are capable of s e c r et i n g a s i gni f ica n t a m o u n t o f a d r e n al pro gester one, reaching up to the minimal concentration necessary to cause suppression of estrus in response to 12 IU ACTH (P< 0.01). The peak response of the plasma cortisol concentrations to 12 IU ACTH was 23.3 ng/ml.
